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Abstract  21 
This paper presents a method for fabrication of microchannels on cyclic olefin polymer films that 22 
have application in the field of microfluidics and chemical sensing. Continuous microchannels were 23 
fabricated on 188-µm-thick cyclic olefin polymer substrates using a picosecond pulsed 1064 nm 24 
Nd:YAG laser. The effect of laser fluence on the microchannel morphology and dimensions was 25 
analysed via scanning electron microscopy and optical profilometry. Single laser passes were found to 26 
produce v-shaped microchannels with depths ranging from 12 to 48 µm and widths from 44 to 154 27 
 2 
 
µm. The ablation rate during processing was lower than predicted theoretically. Multiple laser passes 28 
were applied to examine the ability for finer control over microchannel morphology with channel 29 
depths ranging from 22 µm to 77 µm and channel widths from 59 µm to 155 µm. For up to five repeat 30 
passes, acceptable reproducibility was found in the produced microchannel morphology. Infrared 31 
spectroscopy revealed that the polymer surface chemistry was not significantly altered via the laser 32 
ablation process. These results were compared to other work conducted on cyclic olefin polymers. 33 
Keywords: Laser ablation; cyclic olefin polymer; microchannel fabrication; Nd:YAG; picosecond; 34 
microfluidics 35 
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1. Introduction 37 
Until recently, the typical materials of choice for microfluidic devices and micro-total analysis 38 
systems have been glass or polymers such as polymethyl methacrylate (PMMA), polycarbonate (PC), 39 
and polydimethylsiloxane (PDMS). These materials have good mechanical properties, allowing for 40 
easy processing but often lack good optical transparency in the mid-ultraviolet spectrum (200 – 300 41 
nm). Optical transparency in this range is crucial for the optical analysis of many organic compounds 42 
such as aromatics, proteins and nucleic acids. Cyclic-olefin polymer (COP) and co-polymer (COC) 43 
are an emerging new classes of polymers which have been noted for their low cost, high chemical 44 
resistance, biocompatibility and high optical transparency from NIR to mid-UV wavelengths [1]. 45 
COPs are also recognized for their low water absorption and high mechanical and dimensional 46 
stability when in contact with liquids, and as such make extremely suitable platforms for microfluidic 47 
devices when compared with previously used alternatives. Owing to these exceptional properties, 48 
COP-based devices have been utilised for various applications such as substrates for chromatographic 49 
stationary phases [2] and microfluidic devices for the analysis of drugs [3], IR waveguide coatings [4] 50 
and as substrates for laser deposited nanomaterials [5].  51 
For microfluidic device fabrication, techniques such as xurography [6], micromilling [7], UV-52 
polymerisation [8] and, more recently, 3D printing [9,10] allow for fast and flexible prototyping of 53 
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devices leading to shorter periods to device optimisation. For large-scale fabrication of devices, 54 
techniques such as hot embossing [11] or injection moulding [12] tend to be used due to their cost-55 
effectiveness. However, these lack the ability for rapid prototyping due to the requirement of moulds 56 
or negatives to be fabricated. Contrastingly, laser processing provides a fast, repeatable, clean and 57 
cost efficient method of microfluidic device manufacturing. The use of laser processing [13,14] and 58 
pulsed laser ablation [15] has been demonstrated to be capable of both surface modification and 59 
creation of micro- and nanoscale structures on polymer surfaces, along with the incorporation of 60 
nanoparticles onto the substrate surface for functionalisation and nanotexturing [16]. 61 
Neodymium-doped yttrium aluminium garnet (Nd:YAG) lasers are widely used in industry for 62 
materials processing [17], however, very few studies have examined the feasibility of using Nd:YAG 63 
lasers for the processing of cyclic olefin polymers [6]. Various alternative laser systems, such as ultra-64 
violet and extreme ultra violet laser systems and femtosecond lasers, have been utilized for polymer 65 
processing in the past. UV excimer lasers have been used for the processing of optically transparent 66 
polymers [18], and specifically COC [19]. The low ablation depth per pulse for COC, which was 67 
found to be smaller when compared to PMMA, would allow for the creation of small features 68 
although the extent of ablation was seen to be dependent on the norbornene content of the copolymer 69 
[20]. However, UV excimer lasers tend to have higher operating cost and lower beam quality when 70 
compared to solid-state laser systems. Extreme ultraviolet (EUV) lasers, typically used in 71 
microelectronics manufacturing, have also been shown to be capable of nanoscale changes in depth 72 
and surface roughness of polymer surfaces due to low penetration depth of EUV radiation [21,22]. 73 
Despite these advantages, EUV lasers require a vacuum and highly specialised optics for operation 74 
and therefore are not well suited for the fabrication of low-cost microfluidic systems. 75 
Femtosecond lasers, which interact with materials through non-linear photon absorption, have been 76 
demonstrated for the efficient processing of materials transparent to the wavelength of the laser used 77 
[15]. For COP processed using a femtosecond titanium sapphire (800 nm) laser, low surface 78 
roughness of the processed area was reported [23]. However, some degradation in optical 79 
transmission was seen due to a combination of oxidation and dehydrogenation when compared with 80 
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PMMA or polystyrene (PS) processed under the same conditions. While fast delivery of power by 81 
femtosecond lasers allows for efficient processing of materials transparent to the wavelength of the 82 
laser, these systems tend to be both more expensive and complicated to maintain than laser processing 83 
systems typically used in industry. 84 
In this work, we examine the use of an infrared picosecond pulsed Nd:YAG laser for direct-write 85 
fabrication of continuous microchannels on the surface of thin COP substrates. The use of multiple 86 
laser passes for fine control of dimensions and dimensional uniformity was also examined. Optical 87 
profilometry was used for dimensional analysis of the microchannels and scanning electron 88 
microscopy was performed to analyse changes in surface morphology. Raman and infrared 89 
spectroscopy were performed to examine the effect of laser processing on the surface chemistry.  90 
2. Material and Methods 91 
2.1 Materials 92 
The substrate material used was ZeonorFilm ZF14-188 (Zeon) cyclic olefin polymer purchased from 93 
Ibidi, Germany, with a thickness of 188 µm. The polymer sheet was cut, cleaned with isopropanol, 94 
rinsed with deionised water and dried using compressed clean dry air to ensure the substrate was 95 
pristine prior to laser processing. 96 
2.2 Laser processing and substrate fabrication 97 
The direct-write laser system used consisted of a 1064 nm Q-switched, diode-pumped solid-state 98 
neodymium-yttrium aluminium garnet laser (BrightSolutions 1064 WEDGE HF), specifications of 99 
which are listed in Table 1. A 2D scanning galvanometer (Raylase SS-12) was used to raster the beam 100 
in the xy-plane, and a movable z-stage (PI M-404 4PD) was used to control the position of the 101 
sample. The laser beam was focussed to a spot size of 140 µm and scanned unidirectionally across the 102 
sample at a speed of 1.2 mm/s to form parallel channels separated by 200 µm. The COP films were 103 
mechanically fastened to the sample stage for the duration of processing. Further details of the 104 
processing parameters are listed in Table 2. 105 
 106 
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Table 1. Specifications of the 1064 nm laser processing system. 107 
Wavelength 1064 nm 
Maximum Average Output Power 4.5 W 
Maximum Pulse Energy 45 mJ 
Repetition Rate 7.5 – 100 kHz 
Pulse width 0.7 – 5.2 ns 
Beam diameter 140 µm 
 108 
 109 
Table 2: Process parameters used during laser processing of COP substrates. 110 
Process Parameter Single Pass Multiple Passes 
Fluence 0.15 – 0.78 J/cm2 0.51 J/cm2 
Scan Rate (mm/s) 1.2 1.2 
Beam diameter (µm) 140 140 
Pulse Width (ps) 750 750 
Pulse Repetition Frequency (kHz) 7.5 7.5 
No. of passes 1 2 to 10 
 111 
2.3 Characterisation 112 
Scanning electron microscopy was conducted using an EVO LS15 (Zeiss) with LaB6 filament, 113 
accelerating voltage of 10 kV, and a beam current intensity of 25 pA. Samples were gold coated using 114 
a ScanCoat Six (Edwards) sputter coater set at a deposition current of 25mA for 80 s, resulting in a 115 
coating thickness of 34 nm. 116 
The profile of the microchannels was examined using a VHX-2000 (Keyence) 3D Optical 117 
Microscope. Samples were previously coated with a 68-nm-thick film of gold using the ScanCoat Six 118 
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sputter coater, which was sufficient to reduce the transmission in the visible range by approximately 119 
90% [24] and allow the sample surface to be imaged optically. Images were taken at 0.43 µm 120 
increments upwards from the base of the channel at 1000x magnification. For the figures presented 121 
hereafter, the error bars relate to a 90% confidence interval of the measured microchannels width and 122 
depth. 123 
The optical absorbance of the polymer film at the laser wavelength was examined using a Cary 50 124 
(Varian) UV-Vis spectrometer. Infrared spectroscopy was performed to examine changes to the 125 
substrate surface chemistry as a result of laser processing. Micro-Raman spectroscopy was conducted 126 
using a LabRam HR800 (Jobin-Yvon Horiba) system with an Ar+ 488 nm air-cooled laser and an 127 
accumulation time of 20 s. The HR800 was operated in a backscattering configuration with a 128 
resolution of 1.1 cm-1. FTIR spectroscopy was performed using a Perkin 100 spectrometer 129 
(PerkinElmer) in attenuated total reflectance (ATR) mode. A baseline correction was applied to the 130 
FTIR spectra using Origin Pro 9, to allow accurate comparison of relative peak intensities. 131 
2.4 Calculation of ablation rate 132 
The number of laser pulses, N, incident per unit area in a scanning beam can be estimated from the 133 
laser pulse repetition frequency, f, the beam waist, w0, and scan rate, v, as follows [25]:  134 
 = /       (1) 135 
This will then allow determination of the experimental ablation rate, Rm, i.e. the amount of material 136 
removed per pulse, which can be estimated as the measured channel depth, d, divided by N:  137 
	
= 
/       (2) 138 
For the parameters used in this work, a value of 875 pulses per unit area of a laser pass was calculated 139 
from Equation 1. Theoretical ablation rates, Rt, i.e. the expected amount of material removed per 140 
pulse, can be calculated using 141 
 = 
 ∙ ln(/)      (3) 142 
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where F and Fth are the input and threshold fluences respectively. The “effective optical penetration 143 
depth”, α-1, from the Beer-Lambert law can be estimated from the slope of the linear fit of a linear-log 144 
plot of the ablation depth versus fluence [26]. Predicted microchannel width, W, for an incident 145 
fluence of F can be estimated using wo and Fth [26] whereby  146 
 = 2
 ∙ ln(/)      (4) 147 
This equation assumes that the microchannel widths are equivalent to a single pulse ablation site 148 
rather than a scanning beam of multiple pulses. Some variation from the predicted values is expected 149 
as a result of the “incubation effect” [26], whereby defects generated by the interaction of multiple 150 
laser shots effectively lower the threshold fluence as the number of laser pulses increases. Despite 151 
this, this calculation allows insight into the expected variation between single and multiple scanning 152 
passes.  153 
3. Results and Discussion 154 
3.1 Effect of laser fluence 155 
The effect of laser fluence on the formation of microchannels on the substrate surface was 156 
investigated from the resultant 3D profiles. Both microchannel widths and depths were seen to 157 
increase logarithmically with laser fluence as shown in  158 
Figure 1. At the lowest fluence used (0.23 J/cm2), microchannels 44 µm wide and 12 µm deep were 159 
formed. The highest fluence (0.79 J/cm2) resulted in microchannels 154 µm in width and 47 µm in 160 
depth. The logarithmic increase of channel width with increased fluence reflects the underlying 161 
absorption mechanism which itself is logarithmically dependant on the ratio between the incident and 162 
transmitted laser intensities. A lower correlation coefficient was obtained when a logarithmic fit was 163 
applied to the microchannel depth vs. fluence data, indicating there are other factors affecting 164 
microchannel depth at high fluences such as energy adsorption and interruption of the chaotic 165 
formation of condensed ablated polymer. At all fluences, microchannels with a V-shaped profile were 166 
formed, similar to the findings from other work conducted with COP [23], with re-cast ablation melt 
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evident at the channel crests which reduced in size at higher fluences. This reduction may be 168 
attributed to thermal diffusion from the ablation site causing a localised melting of condensed debris. 169 
For the maximum fluence used (0.79 J/cm2) heat damage was evident through substrate warping and 170 
the appearance of large bubble-like formations on the substrate surface. The increased build-up of 171 
heat in the processed area at higher fluences would be expected to result in increased levels of 172 
damage. The repetitive and localised nature of this damage followed the pattern of the applied laser 173 
pulsing. 174 
Figure 2 shows 3D images of the microchannels taken using optical profilometry. For the lower 175 
fluence pass (0.34 J/cm2), a narrow and shallow V-shaped channel with condensed ablated material 176 
and melt around the channel edges was observed, see Figure 2a. A wider and deeper microchannel 177 
which contained localised deeper ablation sites along the bottom of the channel resulted from the 178 
higher fluence pass (0.79 J/cm2), see Figure 2b. 179 
 180 
 181 
Figure 1. Measured microchannel (a) widths and (b) depths as a function of laser fluence for a single 182 
laser pass. 183 
 184 
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 185 
Figure 2. Optical profilometry images of microchannels produced from a single laser pass at a fluence 186 
(a) 0.34 J/cm2 and (b) 0.79 J/ cm2. 187 
 188 
3.2 Ablation Rate 189 
The ablation rate, i.e. the amount of material removed per laser pulse, was calculated to allow for 190 
insight into the laser ablation process under experimental conditions. Figure 3 compares the 191 
experimental ablation rates (Equation 2) and calculated ablation rates (Equation 3). The threshold 192 
fluence (0.32 J/cm2) used in Equation 3, was estimated from the x-axis intercept in Figure 1b. The 193 
effective optical penetration depth, −1, was determined from the slope of the linear fit applied to 194 
data in Figure 1b once plotted on a linear-log scale, and was found to be 140 nm. For low fluences, 195 
ablation rates of 17 nm/pulse were recorded, while for higher fluences rates of up to 60 nm/pulse were 196 
recorded. These rates were found to be similar to work performed on other grades of cyclic olefin 197 
polymers and copolymers. Ablation rates of approximately 60 – 170 nm/pulse using an ArF excimer 198 
laser [19] and approximately 20 – 70 nm/pulse using a KrF excimer [20] laser have been observed 199 
over a range of laser fluences. The measured ablation rate was seen to plateau after a fluence of 0.64 200 
J/cm2.  201 
The ablation rate predicted from Equation 1 was higher than that predicted from Equation 3 for 202 
fluences greater than 0.72 J/cm2, while for the highest fluence used (0.79 J/cm2) the opposite was 203 
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found. Equation 1 is based on a theoretical calculation for a single, isolated ablation site. It has been 204 
previously discussed that the production of microchannels can result in ablation rates which are higher 205 
than expected theoretically due to ablated material being allowed to escape from the previously 206 
processed area [25]. Furthermore, as the ablation rate calculation does not incorporate changes in the 207 
threshold fluence because of the “incubation effect”, some deviation from the theory is expected. 208 
These processes would account for the discrepancy seen in Figure 3 for fluences below 0.79 J/cm2. 209 
The lower than predicted ablation rate for a fluence of 0.79 J/cm2 was attributed to absorption within 210 
the laser-generated ablation plume attenuating the laser pulse energy during processing. 211 
 212 
Figure 3. A comparison of the predicted and measured ablation rates for various laser fluences. 213 
 214 
3.3 Effect of multiple laser passes 215 
Both microchannel width and depth increased with successive laser passes (Figure 4a and 4b 216 
respectively). For microchannel depth, there was a noted decrease in channel reproducibility for seven 217 
or more passes along with substrate warping during processing. For seven and eleven passes, debris 218 
was evident along the channel walls and crests see Figure 5. This debris became more rounded for 219 
higher number of laser passes.  220 
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For multiple laser passes, keeping the number of passes at or below five was optimal. This allowed for 221 
fine control over the microchannel morphology without a significant decrease in channel 222 
reproducibility. This decrease in channel reproducibility above five passes was again attributed to the 223 
build-up of heat during processing, as evident by substrate warping, resulting in the substrate surface 224 
moving within the laser focal plane. This damage due to build-up of heat at both high fluences and 225 
high number of passes highlights the possible need for active cooling of the substrate when high 226 
fluence processing is needed. Use of a thicker substrate, which would have a larger thermal mass, 227 
could also be a good alternative to minimise this damage. 228 
 229 
Figure 4. Measured microchannel (a) width and (b) depth as a function of number of laser passes. 230 
 231 
Figure 5. Scanning electron microscopy images of the COP substrate after (a) 7 and (b) 11 laser 232 
passes. 233 
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3.4 Surface Analysis 234 
Raman and FTIR spectroscopy were performed to study the surface chemical composition after laser 235 
processing. The base of the microchannel was examined for changes, while the measurements from 236 
the interchannel areas (which were not processed), were used as a reference, as shown in Figure 6a. 237 
Both Raman and FTIR (Figure 6b and Figure 7) showed no significant differences in peak position for 238 
both the channel and interchannel areas. This indicated that the surface chemistry of the 239 
microchannels was not significantly altered by laser processing, thus retaining the chemical resistance 240 
and biocompatibility as of the unprocessed COP. Nevertheless, FTIR revealed oxidation after laser 241 
processing as evidenced by an increase in IR absorbance at the 1650 – 1750 cm-1 range. 242 
Dehydrogenation was also evident through a reduction in C-H absorbance at 2800 – 2950 cm-1. The 243 
appearance of a broad peak after 3000 cm-1 was also observed. These mechanisms of degradation are 244 
consistent with that reported for other work on COP [23,27].  245 
 246 
 247 
Figure 6: Optical image (a) and micro-Raman spectra (b) of the laser processed COP substrates. 248 
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 249 
Figure 7: ATR-FTIR spectrum of the COP substrate before and after laser processing. 250 
4. Conclusions 251 
This paper presents the first investigation into laser-texturing of microchannels on cyclic olefin 252 
polymer using an industrial 1064 nm Nd:YAG laser. The ability to tailor microchannel depth and 253 
width by varying laser fluence was demonstrated. Microchannels between 44 µm and 154 µm width 254 
and 12 µm to 47 µm depth were obtained over the fluence range examined. The channels at all 255 
fluences presented a V-shape profile. The experimental ablation rate was calculated based on the 256 
microchannel depth and the number of incident laser pulses, and was compared to that expected from 257 
theory with ablation rates ranging from 13 nm/pulse up to 55 nm/pulse observed. 258 
The use of multiple laser passes for fine-tuning of microchannel morphology was also examined with 259 
channel depths ranging from 22 µm to 77 µm and channel widths from 59 µm to 155 µm found. For 260 
up to five repeat laser passes, acceptable reproducibility in channel dimensions was observed allowing 261 
for finer control over channel depths and widths. However, a large decrease in reproducibility of the 262 
microchannel depths occurred for seven passes and above. Both infrared and Raman spectroscopy 263 
revealed that the laser processing had not significantly altered the chemical composition of the 264 
polymer substrate. However, indications of substrate oxidation and dehydrogenation were seen in the 265 
FTIR spectra as expected based on previously reported work on laser processing of cyclic olefin 266 
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polymers. Ultimately, this work should allow for quick, single-step fabrication of reproducible 267 
microchannels on optically transparent substrates that have applications in lab-on-a-chip and 268 
microfluidic devices. 269 
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